There exists an imbalance between our understanding of the physiology of the blood coagulation process and the translation of this understanding into useful assays for clinical application. As technology advances, the capabilities for merging the two areas have become more attainable. Global assays have advanced our understanding of the dynamics of the blood coagulation process beyond end point assays and are at the forefront of implementation in the clinic.
INTRODUCTION
Many of the processes involved in hemostasis are not well understood, and new mechanistic information is continually emerging. Although we attempt to define the dynamics of the blood coagulation system and its pathology in chemical terms, we also seek convergence using pharmacomechanistic studies of healthy and pathologic humans. To date, there is still no assay available that can determine who is at risk prior to a crisis. Determining who will be at clinical risk is somewhat governed by technology. As technology advances, new assays become available that further our understanding of the blood coagulation process and potentially become more useful to identify risk in individuals and guide therapy. In the following sections, we summarize the current concepts regarding global assays and current state of knowledge.
A key feature that is utilized in blood coagulation assay development is that there are two distinct procoagulant pathways that ultimately merge to generate thrombin and a fibrin clot. Their designations of primary or extrinsic (tissue factor) pathway and the accessory or intrinsic pathways (contact pathway) are based on whether or not there is clinical evidence of bleeding diseases. The backgrounds from which global assays emerged and against which they now compete for implementation in the clinic are the endpoint assays. In clinical tests, such as the prothrombin time and the activated partial thromboplastin time, plasma is activated in the presence of pathway appropriate initiators (e.g., tissue factor or diatomaceous earth, respectively) to form a fibrin clot [1] [2] [3] . These clinical clot-based assays are designed to be rapid and in doing so have advanced our detection of clinical risk by being able to quickly distinguish certain protein defects in the pathways (Fig. 1 ). However, these assays do not allow us to fully evaluate the dynamics of the blood coagulation process or to develop a global view of each individual's clinical risk profile versus a snapshot in time.
THROMBIN GENERATION ASSAYS
Thrombin is a key enzyme involved in many hemostatic processes [4] [5] [6] . Aberrations in thrombin generation can affect the critical balance of these processes that result in altered hemostatic states (bleeding, clotting) [7] [8] [9] [10] [11] [12] . This is also made clear by the use of direct or indirect thrombin inhibitors in primary and secondary venous thromboembolic prophylaxis [13, 14] . Methods that assess thrombin generation dynamics measure changes in thrombin production that range from close-system approaches to opensystem models that include flow [15 & ]. The simpler the model, the more transparent and easier it is to identify relationships; whereas, as you approach more physiologic relevance, the more opaque the reaction and interpretation becomes. The examples of thrombin generation assays (TGAs) are shown in Fig. 2 . TGAs can be used to define a phenotype through the use of the phases of thrombin generation (initiation, propagation, termination) in which each curve has extractable information regarding the clot time, rate, level and area under the curve. New approaches have been developed that involve creating a thrombin phenotype and a four-parameter fit of this information to describe each profile or individual ( Fig. 2) [16,17 & ,18]. Several of these TGAs are more appropriately used for research in their current state. Others [e.g., thrombogram, thromboelastography (TEG)] have advanced to enable on-site measurements of coagulation and can provide rapid and continuous information that has the potential to inform clinical decision-making.
Plasma-based system: thrombogram
In this TGA model, thrombin generation is triggered in recalcified platelet-rich or platelet-poor plasma. Once produced, thrombin hydrolyzes a specific substrate to give a fluorescent signal that is continuously recorded, providing evaluation of the entire process of thrombin generation with respect to the initiation, propagation and termination phases of the reaction. As a consequence, the assay provides an integrated view of the reaction process. The first version of this assay was performed by MacFarlane and Biggs [19] , who subsampled clotting blood into tubes of purified fibrinogen; the fibrinogen clotted in proportion to the amount of thrombin present in each sample, yielding a thrombogram that is similar to that seen in present assays. Subsequent modifications of this assay permitted continuous measurement of thrombin generation, first using a thrombin chromogenic substrate in defibrinated plasma [20] , and then using a fluorogenic substrate in whole plasma [21] .
TGAs are inherently flexible in their design, which is both a limitation and a strength of this assay. Although studies have demonstrated significant correlations between TGA parameters and both hemostatic defects [22] and primary and recurrent thrombosis [9, [23] [24] [25] , the assay has not yet received regulatory approval for clinical use from either the United States Food and Drug Administration or the European Medicines Agency, in part because of difficulties with assay standardization. In particular, thrombin generation measurements are highly sensitive to preanalytical variables, including the method of blood collection and plasma isolation (tube style, presence or absence of contact pathway inhibitors, centrifugation speeds and freezing methods), and analytical variables (tissue factor level, lipid concentration, use or not of calibrators) [26] . Published reports reveal significant variability between centers, and even between operators at a single center [26, 27] . However, recent efforts to standardize TGAs appear promising. In a series of studies [26, 28, 29] , Dargaud et al. [26] systematically evaluated thrombin generation measurements in the calibrated automated thrombogram (CAT) and showed that variability can be reduced with the use of standardized tissue factor and phospholipid reagents and the use of a contact pathway inhibitor (e.g., corn trypsin inhibitor). More recently, this group demonstrated that the use of identical equipment, standardized reagents and normalization of results against a common reference plasma can reduce variability
KEY POINTS
Global assays have advanced our understanding of dynamic thrombin generation.
The thrombogram and thromboelastographic methodologies are the most advanced global assays that have advanced into clinical evaluation.
The utility of these assays in relating the profiles to clinical outcomes is still debatable, with much focus on developing appropriate standardization of the assay and consensus on appropriate initiators.
Mathematical models have further advanced global assays by providing a mechanistic connection between each individual's specific blood composition (procoagulant and anticoagulant) due to alterations in hemostasis (inflammatory, thrombotic, hemorrhagic and therapeutic) and changes in their individual thrombin generation profile.
between centers [28, 29] . Of note, this study also reduced interoperator variability with the use of an instructional DVD, suggesting that even the 'human component' of TGA testing can be improved to reduce variability [29] . A recent study by Woodle et al. [30] investigated the issues surrounding modified TGA assays that are more frequently being performed on microplate reader instruments and processed using individualized algorithms. They demonstrated that the fluorescent microplate readers used to run the assay have inherent noise profiles that cannot be completely eliminated through the use of external calibrators and preferentially require a noisereducing software algorithm [30] .
Standardization of TGAs performed in the presence of platelets is more challenging, given the inability to exchange samples between centers and, therefore, to directly compare measurements on identical samples. To this end, the Scientific Subcommittee of the International Society of Thrombosis and Haemostasis [31] has made several recommendations for the use of TGAs in platelet-rich plasma that include standardization of preanalytical, analytical and biological variables. Currently, the most important of these recommendations is the request for clear reporting of experimental conditions so that methodologic differences between laboratories may be identified and examined. An important caution with assay standardization is that reducing interassay variability is only clinically beneficial if the method remains sensitive to clinical pathologies. Refinement of preclinical and clinical variables must be validated using samples from welldefined cohorts of patients with coagulopathy to ensure the sensitivity and predictive value of the assay readouts. Another area of active investigation Fibrin clot FIGURE 1. Standard clotting assays. Both the prothrombin time (utilizing the extrinsic pathway) and the activated partial thromboplastin time (utilizing the intrinsic pathway) assays are ideal for detecting gross coagulation defects. However, as the endpoint of these assays is the fibrin clot, these assays exclude over 95% of the thrombin generated in the complete reaction.
with modifications of this technology is the simultaneous measurement of thrombin and plasmin generation and its relationship to clinical phenotypes [32,33,34 & ]. Under the paradigm of Virchow's Triad, thrombosis results from combined, interacting abnormalities in plasma, cellular function and blood flow. For example, presence of the factor V Leiden mutation, even in the homozygous state, increases thrombotic risk, but does not predict thrombosis ipso facto. The site-specific nature of bleeding in hemostatic disorders (e.g., hemophilias A and B, and factor XI deficiency) similarly suggests that local contributions to coagulation contribute to thrombotic events. Although soluble, addition of lipidated tissue factor to plasma is the most common approach to utilizing TGAs, the flexibility of the TGA design lends itself to investigations of cellular contributions to coagulation. We and others [35] [36] [37] have used the TGA to interrogate cellular function during coagulation and shown that cellular procoagulant activity is a major determinant of thrombin generation. Even in the same normal, pooled plasma preparation, highly procoagulant extravascular cells (e.g., fibroblasts and smooth muscle cells) produce significantly shorter lag times and higher peak heights than unstimulated intravascular cells (e.g., endothelial cells) [35] , suggesting that cellular procoagulant activity determines thrombin generation and, consequently, clot formation potential in both intravascular and extravascular (hemostatic) clots. Recent interest in the role of cellular microvesicles -cellular 'debris' released from activated or apoptotic cells -in thrombosis has also spurned creative use of the TGA. The CAT assay is remarkably sensitive to endogenous levels of tissue factor activity in plasma and reveals the presence and activity of tissue factor-bearing microparticles in endotoxin-treated blood [38] . We used CAT to compare procoagulant activity of microvesicles released from tissue factor-bearing cells and platelets and showed that monocyte-derived microvesicles can shorten the thrombin generation lag time in a tissue factor-dependent manner, whereas platelet-derived microvesicles can support contactdependent thrombin generation [39,40 & ]. The influence of vascular cells on thrombin generation is not limited to tissue factor-bearing cells; phosphatidylserine-positive erythrocytes also provide an efficient surface for prothrombinase assembly and thrombin generation [41] [42] [43] . Comparison of thrombin generation in factor XI-deficient plasmas in the absence and presence of platelets revealed thrombin generation parameters that correlate with bleeding history in the presence, but not the absence, of platelets [44] . All of these studies suggest that continued adaptation of the TGA to more holistic systems may improve correlations with disease and, consequently, the predictive and diagnostic value of these tests.
Until recently, thrombin generation could not be continuously monitored with a fluorescent substrate; however, Ninivaggi et al. [36] adapted the assay to whole blood analysis through the use of a rhodamine-based thrombin substrate in a thin layer of 50% recalcified citrated blood. Surprisingly, they noted that washed erythrocytes contributed more procoagulant activity than platelets, with interesting implications for erythrocyte-based pathologies including sickle cell disease. A number of previous studies have reported a significant contribution of erythrocytes to thrombin generation in blood [41] [42] [43] [45] [46] [47] [48] [49] [50] [51] [52] [53] . Notably, the use of whole blood, rather than plasma, in the TGA removes several preparatory steps and, therefore, the influence of several preclinical variables on the assay readout.
Whole blood-based system
The use of whole blood gives a better picture of the situation in vivo because all blood components are allowed to interact during the test. The whole blood on-site assay that has advanced enough to be utilized in clinical settings is TEG. TEG uses technology that has existed for more than 40 years [54, 55] . The modern iterations of the thromboelastograph are computerized, user-friendly devices that provide on-site evaluations of clotting performance and the potency of in-situ fibrinolysis. These devices are viscometers that measure the increasing viscosity of blood during coagulation and produce a time-based record of the process. From the tracing obtained, different semiquantitative parameters that evaluate the quality and timing of clot formation and lysis are measured. The thromboelastograph has also been shown to be linked to thrombin generation in a tissue factor-initiated whole blood model by calculating the total thrombus generation from the first derivative of the TEG waveform [56] .
Viscoelastic measurements are currently being performed on one of two instruments using their proprietary reagents: TEG (Haemonetics, Braintree, MA, USA) and the rotational thromboelastometry (ROTEM; Tem International GmbH, Munich, Germany). Issues with standardization of this technology have been discussed in several reviews [12, [57] [58] [59] [60] [61] . A recent crossover study was performed between the TEG and ROTEM instruments using proprietary reagents from each manufacturer. The results showed that the instruments are more interchangeable than originally reported [62 & ]. However, there is still much debate as to what the appropriate initiators and parameters are to evaluate for consistent and reliable results [63] [64] [65] [66] . Currently, the variability requires multiple daily calibrations and trained personnel to limit the potential for user error. The challenge also still remains in the technology that there are only a few channels available for simultaneous testing and running of duplicates, thus requiring the use of multiple instruments.
Currently, the viscoelastic measurement of a patient's blood sample is increasingly being used in clinical settings. These settings include cardiac surgery [67] [68] [69] [70] , liver transplantations [71] , sepsis [72] , trauma [73, 74 been utilized to evaluate anticoagulant activity [82, 83] and to determine what the critical threshold value is for the initiation of antifibrinolytic therapy in trauma [84] . The platelet mapping assay system, used to measure platelet aggregation, is more frequently being used in the clinical setting [85] , including in patients undergoing cardiac surgery and cardiopulmonary bypass, in which their TEG findings as measured using collagen were correlated with postoperative bleeding [86] ; whereas, in a study on thromboembolic complications in Fontan patients, the use of TEG profiles in whole blood did not demonstrate hypercoagulability [87] . Conflicting utility of the TEG is also seen in the evaluation of hemorrhage [67, 69] . Several studies utilize both 'global assays' to determine relationships to clinical phenotypes. TEG and TGA were measured in monitoring recombinant factor VIII prophylaxis, with results showing that severe bleeding was related to lower TGA parameters. Factor VIII:C was correlated with TEG and TGA, although TGA more sensitive at later times [88] . TEG and TGA were recently used to demonstrate the importance of plasmatic TFPI to both assay profiles in healthy and factor VIII whole blood and plasma [89] . It appears from all of these current studies and reviews that the utility in different clinical settings is still debatable. Therefore, we feel that an important area of research is to relate the phenomenology of the thromboelastographic profile, which has great promise as an on-site global assay, to real changes in physiology. The merging of the two areas might prove useful for advancing this technology in clinical settings.
Theoretical-based system: plasma-based computational models
The strength of TGAs is that they can provide multifactorial assessment of an individual's procoagulant state. It is still not understood what level of thrombin generation (rate, timing, total) is really abnormal or how much individuals need to change in their thrombin profiles to be classified as abnormal. As with endpoint assays, studies of individuals with overt factor deficiencies or pharmaceutically induced deficiencies have provided broad guidelines as to what is abnormal.
Computational modeling can allow us to investigate how slight variations in the specific concentrations of coagulation factors (e.g., factors II, V, VII, VIII, IX, X, antithrombin, tissue factor pathway inhibitor, protein C) contribute to individualized thrombin generation profiles, thus creating a pathway for tracking an individual's hemostatic state. Implicit with this is that an individual's blood composition at any one time is controlled by developmental, environmental, genetic, nutritional and pharmacological influences. Specific alterations in plasma composition occur as a consequence of aging [90, 91] , pregnancy [92, 93] , acute or chronic illnesses or inflammatory syndromes [91, 94, 95] . The circulating concentrations of these coagulation factors are a function of the relative health of the organ systems (e.g., liver, endothelium) responsible for their synthesis. Computational modeling can visualize this connection.
The component inventory, connectivity and dynamics of the blood coagulation process that yield thrombin generation outputs have been described by the use of ensembles of ordinary differential equations [96] [97] [98] [99] [100] [101] . Implicit to this type of physiochemical modeling is the principle that initial concentrations of reactants will direct outcomes. These models are built to capture the consequence of individual factor variation and thus have the potential to provide a mechanistic linkage between an individual's own plasma composition at a point in time, their thrombin generation output and thus their hemostatic state. Computationally derived thrombin generation has been shown to vary with pathology, with specific changes in a limited subset of procoagulant and anticoagulant factors leading to their altered profiles [15 & ,18]. If the baseline thrombin generation level is known, it can also be a way to track disease progression. This was recently demonstrated in the evaluation of individuals on warfarin therapy for atrial fibrillation. Each individual's unique plasma composition (n ¼ 30) was evaluated at baseline, days 3, 5, 7, 14 and 30. Results show that most individuals at day 3 of warfarin anticoagulation generated more thrombin (increased thrombotic risk) prior to being stably anticoagulated [17 & ]. These results relate to the relatively short half-life of protein C, compared with other vitamin K-dependent proteins [102] . Therefore, this approach of modeling the kinetics of warfarin anticoagulation may be useful for identifying individuals who are most at risk of thrombosis during the early stages of warfarin therapy. Together these results suggest that individual plasma composition can be utilized with thrombin generation in a fashion to evaluate pathology, monitor levels of anticoagulation and potentially establish risk.
Computational modeling of the blood coagulation process and its clinical utility is an area of active research to determine the following: what constitutes adequate empirical validation of the network description [103, 104] , what are adequate computational models and can they ever be constructed given the imperfect knowledge of reaction pathways and the recognized error intrinsic to rate constant and reactant concentration measurements [16, 105, 106] ; to what extent the incompleteness of current computational models affects their utility, that is, can incomplete or partial models be informative in understanding differences between individuals who contribute to differences in clinical hemostatic phenotype [107] ; and whether the replacement of closed models with flow models [108] will be necessary to achieve a tool with clinical utility. Notwithstanding these concerns, the potential of computational approaches to be useful in the realm of clinical testing continues to be investigated.
CONCLUSION
Overall, global assays (plasma based, whole blood and theoretical) have advanced our understanding of blood coagulation dynamics in individuals. The more recent focus and advances in this area have been in the realm of standardizing and evaluating the technologies for clinical application and determining which parameters and initiators are most predictive in different clinical situations. Along with these types of studies, further expansion and integration of some of these technologies (e.g., coagulant plus fibrinolytic and empirical plus theoretical) will allow us to link systemic changes and alterations in each individual to a global assessment of their hemostatic state that can potentially guide therapy.
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